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Abstract

The accelerator grid in two-grid ion optics sys-
tems is subject to sputter erosion by charge-
exchange ions created in the jon b cam. Onece
potanitial engine failure mode is accclerator
grid structural collapse due to wear. A prob-
abilistic model of accelerator gridservicelife
in which uncertainties about input parametors
are treated guantitively reveals that service
life with acceptabla: failure risk is shorter than
deterministic analysis using nominal parame-
ter values suggestThe NASA 30-c¢c nioncn-
gine with molyhdenumn grids has a very short
scervice life at 4.65 kWeinput power, although
derating the thruster to 2.3 kWe or using car-
bon grid materials can  significantly 1nicereasc
life. Uncertainties about the eroded geon ae-
try at failure, the net sputter yield and the
impingement ion current in space are the pri-
mary risk drivers. Ffforts to acquire more in-
formation about these drivers and design -
provements that deercase the sputier erosion
and the required service life have been init -
ated.

Introduction

Because of their high specific iinpulse and high cf-
ficiency, 1on engines offer significant savings in space-
craft nass arad, in cert ain cases, trip thine.  They
are being considered for use in a munber of carth
orbital apphcations including stat ionkeeping, orbit-
raising and repositioning as well as in planctary mis-
sions. However, because they arc low thrust devices,
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very lang periods of operation arc required to achieve
uscful total impulses. During a typical mission an
ion engine would be required to operate reliably for
thousands of hours. The prinary failure mechanismn
identified in two-grid ion systeins is sput ter erosion of
the downstream grid by ion impingement. A descrip-
tion of the physical processinvolvedin grid crosion, a
general approach to assessing service life probabilis-
tically, and an application of this approach to ion
engine accelerator (accel) grid erosion are presented
in the following.

Accelerator Grid Frosion Phenoinena

A diagram of the clectrode system ina two-grid ion
thruster is shown in Fig. (1). Discharge ions produced
upstream are drawn through a sheath that forms at
the entrance to the apertures in the screen grid and
arc accelerated by an axial electric fieldinthicinter-
clectrode gap. A radial electric field in this region
focusses the individual ion beamnlets, The accelerator
grid is biased negative relative to the ambient space
plastna potential to prevent electrons that neutralize
the pritnary ion beam downstream o f the engine from
backstrearning int o the discharge chamber. 1This cre-
ales a negative polenitial well which decelerates the
primary lon beamlets. The beamnlets are also sub-
jectto radial electric fields in this region which cause
them to diverge.

Thic accel grid may he impacted directly by pri-
mary hean ions, although this source Of impingement.
current. caly be practically eliminated by proper de-
sign and operation of the lon optics. I addition, the
accel grid collects slow jons generated from neutral
pas in the interclectrode gap and downstream of the
grid. In space, the engine is the only source of neutral
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Figure 1: Diagramn of two-grid clectrode systein and
axial potential distribution.

gas. An inevitable consequence of propellant utiliza-
tion inefliciencies is the leakage of neutral atoms fromn
the discharge chammber, although the density of these
source atoms drops rapidly downstream of the grid
[1]. In ground test facilitics a sccond population of
amblent gas atoms can exist with a more or less uni-
form distribution and a density determined by the
engine propellant flow rate and the pumping capabil-
ity of the facility.

These neutrals can be jonized cither by collisions
with electrons produced by the neutralizer cathode
or in charge-exchange collisions with primary beam
jons. In charge exchange collisions a therinal neutral
atom surrenders an electron which recomnbines with
a high speed jon. This cereates a high velocity neu-
tral atom that escapes with the beam and a thermal
ion. Order of magnitude analyses and experiments
mdicate that the contribution from electron-impact
iomzation is sinall compared to that from charge ex-
change processes [1].

The majority of charge exchange ions created in
the deceleration zone downstreain of the accel grid do
not have suflicient energy Lo escape fromn the potential
well and are therefore drawn to the aceel grid. 1xper-
iments and particle simulations indicate the existence

of a slight potential hump downstream of the deccler-
ation zone in the beamlets. T contrast, the potential
appears Lo decrease monotonically toward the accel
grid between adjacent beamlets [1,2). Thercfore, a
fraction of the slow jons generated in the weak elec-
tric ficld downstreain of the neutralization plane can
he colleeted il their velocity is back toward the grid
when they arve created. In space, most of the neu-
trals emitted from the discharge chiamber have ve-
locities directed away from the grids, so very few of
the charge exchange ions created downstream of the
decceleration zone will be collected [3]. In addition,
the deusity decreases rapidly in the axial dircction,
so fewer jons are generated downstream. However,
i ground test facilities the aibient neutrals have an
isotropic velocity distribution and a significant gquan-
ity of the jons created downstream will itnpinge on
the aceel grid. In fact, the charge exchange ions gen-
crated from the background gas appear to dominate
the ympingement. current in ground-based tests [3,1].

The impingement ions follow trajectories that arc
dictated by their origin and the structure of the po-
tential near the grid. Particle siimulations show that
most of the ions 1mpinge on the downstream face of
the electrode and are focussed into the central part of
the webbing between holes by the radial electric ficlds
of adjacent beamnlets [2,4]. The characteristic erosion
pattern observed on the downstream face of the accel
grid in long duration tests reveals the damage caused
by the impingement jons. The photograph in Fig. (2),
taken after a long duration test described in [5], shows
a scries of grooves between holes forming a hexago-
nal pattern with deeper pits at the intersection points
between three hioles where the impingement current
density peaks.

The mass loss i the pits and grooves is caused by
sputtering, a collisional process in which incident ions
can cject surface atoms. Sputtering oceurs only when
the ncident 1on energy exceeds a certain threshold
and suflicient energy is transferred in the collision to
overcomne the surface binding forces. At energies near
the threshold the ejected atoms are usually directly
involved in collisions with the incident ion, although
at higher energies they may be part of a collision
cascade initiated by the incident jon.

Sputtering is characterized by the yield, which is
defined as the expected number of atoms ejected per
mcident ion. The yield is a function of the ion en-



Figure 2: Phiotograph gnoving the characteristic form
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ergy, the masses of the ions and target atoms, the
surface binding energy and the incident anigle, reach-
ing amaximum value at a particular oblique angle [6].
It dots not generally depend on the current density,
but is a function of the total dose. This is primar-
ily duc to changes m the geome try as the grid wears,
Initially the iimpingement ions are normally incident
ona flat surface, andinost of the sput t ered atoins es
cape. As the grooves form, the incident angle may
incrcase, causing the absolute yield to rise. 1low-
ever, redeposition of sputtered atoms in the groove
canreduce thenet yield [7]. As the pits and grooves
penetrate the accel grid, sputtered atomns catiescape
upstrecam through the grid, aswell as downstrean.

Wiien the pits wear completely through the grid,
the ions incident in that region are either reflected in
the interelectrode gap and strike the upstreann face
or arc focussed alon g the chatmiels. Grid penet ra-
Lion then proceeds alorig the ¢l ianncels as shown in
Fig. (2) untilcomnplete structural failure occurs. loss
of grid structural integrity as aresult of sputter cro
sion in the characteristic hexagonal groove pattern
is one potential failure mechanisim. Loss of strength

caused by grid erosioncan cause shorts as individ -
ual ringlets or sections of the accel grid collapse and
bridge the interelectrode 41 under the electrostatic
stresses. Fven if shorts arc avoided, it becomesim-
possible to properly focus the primnary ions and pre-
vent electron backstreaming as large holes inthe grid
form.

Accelerator grid spulter erosion can be minimized
by proper environmental conditions and thruster op-
cration, but is unavoidable at some level. Uncertainty
inour description of the pliysical processes of grid ero-
sion in addition to their intrinsic variability makes it
impossible to calculate grid life exactly. Relying on
extensive testing to characterize grid life with high
confidence would be prohibitively costly and time-
consmning,. It is therefore useful to model accclera-
tor grid crosion probabilistically, using avatlable in-
formation from tests and knowledge of the physical
processes that lead to failure.

P'robabilistic Service Life A ssessiment

I the assessinent of aceel grid service life presented
here, test information and analyticalinodels arc used
in a statistical structureinwhichuncertainties about
failure predictionare quantitatively treated. This
probabilistic analysis can be perforined with the in-
formation available al any particular tiine to obtain
a probabilistic estimate of service life that is war-
ranted by what is known abouta failure inode at
that time. This probabilistic method is applicable
to failure modes which carr be deseribed by analyt -
cal Ihodels of the failure phenomena, evenwhensucl,
1 odels are uncertain or approximate.

By conducting service life sensitivity analyses prob-
abilistically, sources of unacceptable failure risk can
beidentified and corrective action can be delineated.
Design revision, additional characteriz ation of envi-
romnents, inprovement of analyticaliniodel accuracy,
and improved characte rization of material behavior
arc among, the options for coutrolling risk that can
be quantitatively evaluated by probabilistic sensitiv-
ity analyses. Using seusitivity analysis results, test
and analysis programs focused on acquiring i forma-
tion about the most important risk drivers canbe
deflined, enabling limited financial resources to be al-
located more cflectively to achieve life goals.

Probabilistic service life assessinent can be emn-
ployed in the design and developient process to avoid



Figure 3: Probabilistic failure risk assessment.
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compounding design conservatisms and margins that
unnccessarily increase cost or weight. Probabilistic
analysis is of particular valuc whenuncert aintics ex-
ist about important governing parameters or when
desig n conservatisim and redu nda ney used in the past
must be reduced to mect more stringent cost, weight,
or performance requireinents.

Inforiation from test or service experience caribe
combined with information from analytical modeling
to estimate failure risk quantitatively using the ap-
proach showiiin Fig. (3). Probabilistic failure 1 i0d-
eling is bascd on avail able knowledge of the failure
p henomenon and of such governmug parameters as
ion imipingement current and sputtering yield. The
prior failure risk distribution of 1igures (3) and (4)
i s derived from probabilistic failure modeling. This
prior distribution can be modified to reflect available
sacccss/failure datainallayesian statistical analy-
sis. I'he probabilistic service life assessment approach
shown in Figares (3) and (4) is discussed in detail by
Mom, ct d. [8,9, Il 0].

Experience includes physical parameter in forma-
tion in addition 10 success'failure data. Information
aboul physical paramncters caribe derived from mea-
surements take nduring tests or service, fromanaly -
scs to bound or characterize parameter values, from
applicable expericnce with sinjilar syst cins, or from
laboratory tests. Measurements of physical parane-
tersusedin analytical modehing, e.g., grid impinge-
ment current or croded area, can be ary hnportant
mformation source infailure risk assessment. Physi-
cal parameter information is incorporated into prob-
abilistic failure modeling and is reflected in the prior

Figure 4: Probabilistic failure modeling.
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failure risk distribution.

Success/failllrc data canbe acquired fron life test-
g or service experience. The falure risk distribution
resulting from the combination of the prior distribu-
tionand the success/failure data is the description
of failure risk whicli is warranted by the information
availa ble. As additional inforination regardin g gov-
erning physical paramecters becomes availa ble it can
be incorporated into analylical modeling to obtain
a revised priorfailure risk distribution. Additional
information in the form of success/failure data can
be processed by the Bayesian statistical analysis of
Fig. (3) to update the prior failure risk distribution
using the procedure given by Moore, et al. [10,1 1].
Iowever, as would be expected, a few successful life
demonstrations will not aflect a prior distribution
with which they are consistent.

The analysis procedures used in probabilistic fail-
ure modeling, shown in Fig. (4), are direetly derived
from deterministic methods for analyses of grid ser-
vice life. The accuracy of themodels and procedures
used in probabilistic failure modeling should be prob-
abilistically deseribed and treated as a driver.

A diiver for whichuncertainty is to be considered
must be characterized by a probability distribution
over the range of values it can assuine. That distri-



bution expresses uncertainty regarding sp ccific driver
values within the range of possible val ues. A driver
probability distribution must represent both intrin-
sic variability of the driver and uncertain kniowledge
or limited information on which to base the driver
characterization.

Stochastic drivers are characterized by using the
information that exists at the time of analysis. |If
driver inforination is sparse, the probabilistic charac-
terization of such a driver nmwst reflect that sparse-
ness. 1 extensive experimental measureients have
been perforined for a driver, its nominal valuc and
characterization of its variability can be inferred di-
rectly from e pivical data. However, if little or 110
directly applicable empirical data is available, analy-
sis to characterize adriver or experience with similar
or related systems must be used. Driver distributions
must not overstate the precision implied by the avail-
able mmformation.

Some general guidelines for characterizing stochas-
tic drivers have emerged from case studies conducted
to date as givenin Moore, et d. [9,8,1 1]. Tor drivers
which have physical bounds, such as controlled di-
mensions or paramclers with physical upper limits,
the Betla distribution parameterized with location,
shape, and scal e paramecters has heen successfully
usced. |f ouly bou nds are known, a Uniform distr -
bution is appropriate. For a driver whose variation
cari be thoughit of as due to the combined influence
of alarge nummber of simall independent eflects, the
Normal distribution can be used. Past experience in
characterizing a particular driver sucl | as a material
property may suggest the use of a particular distr -
bution, for example, Weibull, Norinal, or Lognorinal.

A hyperparametric structure for driver distribu-
tions has been found useful i deseribing available
information about a driver. For ex arnple, to charac-
terize a driver, information from engineering analysis
might be used to establish upper and lower bounds.
In order to caplure the fact that the mecan value may
not be known with certainty, the mean valuc may he
represented by a Uniform distribution hetween the
upper and lower bou nds. This Uniform distribution
is the hyperdistribution associated un cert ainty about
the true mean value, and its paramcters are the as
sociated hyperparameters.

Monte Carlo simulation has been used as the prin-
cipal computational method in probabilistic failure

<

modeling because it is a general method that can be
used with failure models of any complexity. Con-
tinually increasing comnputer power due to inproving
hardwarc and software is steadily expauding the prac-
tical application of Monte Carlo simulation. Efficient
Monte Carlo technigues can be used to reduce the
number of simulation trials when computational time
is an issue. Certainanalysisimethods such as plasina
particle simulation models, may be too computation-
ally intensive for practicalusc in Monte Cat-k) sim-
ulation. However, tlic output of these models can
be represented as response surfaces over therange of
variation of significant paraincters, sec Moore, et al.
[8,10]. Theuncertainties of response surface repre-
sentat ions n st be t reated as drivers if significant.

Alternative computational mcthods, for examnple,
FORM/SORM, sce Madsen, etal. [12], may fail to
give accurate results for problems in which signifi-
canlly nonlinear models arc cmployedand driver un-
certainty is large. Computational micthods are dis-
cussed further by Moore, et al. [1 1,10].

A ccclerator Grid Frosion Analysis

The deterministic erosion model used in this anal-
ysis desceribes the mass loss duc to 1on sputtering and
i s imbedded the Monte Carlo siimulation procedure
outlined in Fig. (5). This model expresses the time
10 initial structural failure of the grid as a function of
drivers which may be either deteriministic or stochas-
tic. T'he drivers consist of geometry, current and aceel
gridvoltage, material properties and accuracy factors
which account for uncertainticsinthe analysis.

A basic structural unitofthe grid canbe defined by
the trianigular region shownin Fig. (6). Fud of life is
defitied as the point at which the first structural unit
is divided intwo by erosion in the central chiannel.
This will generally occur first in the center of the
grid wherethe erosionrate is the highest, This failure
criterion can be expressed quantitatively in terms of
the fractional mass 1oss inthe structural unit by the

relationship
Mo\ [ M,
AISU ) A43“ ! ’

where M, is the eroded mass in the channel, and M,
is theinitialmass of the structural unit,
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Iigure 6: The basic structural unit and the model of
groove geometry at failure.

in which p, represents the density of the grid mate-
ral, Ae is the initial structural unit webbing arca
and { is theinitial grid thickness. The webbing arca
is given by the expression
\/511 wd} 3
192 ¢ - '?4 ) ( )
where .. is the center-to-center hole spacing and dy,
is the hole diamnicter. Thie paramncter (M /Mg, )y is
theallowable fractional in.ass 10ss heforetheunit is
cut intwo,and is afunction of the grid geometry and
thegeometry oF the channelat failure.
Thefractionalmassloss averaged over a structural
unit after a cumulative operating time 7 duc to sput-
tering from singly chargedions is given by the expres-

Asu =

sion
(‘I\I( >: Ja,_,u';')’,,”mg )
]Usu CJ\‘]M, ‘
where J, o, 18 the average ion iimpingement current

inthe structural unit,Y,,., is the average net sputter
yield in atoms per incident ion, my is the mass per
atom Of gridmaterialand e= 1.6 x10- 1° C is the fun-
damental electron charge. Thesctwo equations define
the time to structural failure, given proper specifica-
tion of the drivers: grid geometry, geometry of the
channclat failure, impingement current Jg 4 and the
net sputter yield Yy, .



Although there hiave been significant advances in
modeling the local distribution of impingement ion
flux and energy in the erosion pattern using particle
simulation methods[2,3], these codes are too coripu-
tationally intensive to include in the failure siinula-
tion. The failure model has therefore been expressed
as approximate relationships in terms of observable
paramecters averaged over the structural unit.

Thic failure criterion can be defi ned by the expres-

sion
(’_/\L) LA
\]wsu ! - tAau ’

where A, represents the cross-sectional arca of  a
chianmel which just divides the structural unit.'Fhis
chiar mel shape is assuined to be constant along the
the length L., a's shown in Pig. (6). The effective
charmellength is approximated by

Le- ’\gilcc' (6)

(:5)

Use of this approxination slightly overestimates the
mass lost at the apex of the structural unit from a
chianmel of uniform cross-section. This is not expected
to significantly bias the life calculations, becausce in
praclice nmuch of the impingement ion current ge ner-
ated by three adjacent beamilets is focused intothe
centralregion (thie int ersection of the channels bisect -
g the three structural units) and causes niore severe
erosion thanin the rest of the channels. The channel
cross- sectional area is nodeled as
2

Ae = '3"/\5“%1, (7
where w, is  the width  of the ¢l anmel at the
downstream surface.  "T'his expression represents a
parabolic cross-section modified by the shape factor
As, which describes uncertainty about the ¢l iannel
shape. The channel width can be expressed in the
forin

we = lec A (lfc - ]20/‘3“/\/3)]/2,

where a =

(8)
At 4B thie eroded arca fraction, the
projected arca of the crosion groove A, compared to
the st ructural unit webbing area. Equations (2) to (8)
permit the failure criterioninkq. (1) to be expressed
mm terms of the grid geomel ry parameters d), , 1 and
l.. and the channel shape parameters o and A,.

The current in the structural unit in the center
of the grid (which is subject to the highest impinge-
menit current) can he expressed as the product of the
structural unitarea and the average local impinge-
naent current density jopeat (ignoring local current
deusity variations duc to the discrete ion beamlets),

. Ja JbAsu
Ja,.ut = JG,]’(GA'ASU = (Jb> _/1”(] . ]'.oaa)(]',]))a .

(9)

where J,/Jy is the ratio of total impingement cur-

rent to beamn current, Ay is the active beam area,

Foaa is e openarca fraction of the accel grid and

the impingement current density flatness paramcter

is defined as

Ja

]"])a: - L, TTTU L .
( ) Ab(] - ]/oaa)]a,pcak

(10)

The timpingement current density flatness parameter
can be equated to the flat ness parameter describing
the bea in current density distribution,
(FP)a = (11, (11)
if' the ratio of local average current densities (o /78)
is constant over the cutire grid. The assumption that
Ja is proportional to 7, locally is valid for charge ex-
change iousif they strike the accel grid at radial and
azimuthal positions close to those where they were
created. This should be satisfied in space, where the
impingemnent lous originate inside the deceleration re-
gionand thelocal electric fields guarantee that they
tereept the grid near their point of origin. In ground
test facilities, however, the majority of the iinpinge-
ment jons are created downstrean of the neutraliz -
tion plane and may drift to radial and azimuthal lo-
cations very diflerent from where they were created
before being captured by the aceel grid. This has the
eflect of making (If '}’). somewhatlarger than (1'1°),.
The assumption that the constant of proportionality
between j, and 7 dots not vary over the grid is accu-
rate only if the axial neutral density profile and the
effective lengthy from which charge exchange ions are
drawn do not vary with radial position.
The average net sputter yield is assumed to be pro-
portional to the yield at normal incidence,
Yier = /\)'),Br(l;

(12)



where Ay is a stochastic factor representing variations
of the average net yield from the yield atnorinalin-
cidence due to dose eflects (primarily redeposition of
spul tered material and oblique incidence of bombard-
ing ions). The available yield data for kryptonand
xenonincident 011 molybdenum and carbon can be fit
well with an cinpirical relationship of the form

Fa\ € it \
Y- 0 : (:]'}}’ (] - ](0) (1 4 - ]1',. 0) , (13)
v ‘2

where i is the incidention energy, Iy is the thres] -
old for sputtering, andm; is the atomic ass of the
incident ion. Thie first terin accounts for variation
with ion energy, while the sccor 1d terni reproduces
the threshold behavior. The final term represeuts the
variation im yield with bombarding spe cies ma ss. The
parameters a, b, ¢ and d can be estimated from the
data for sputtering yield as afunction of incidention
energy and mass. In calculating accel grid life, the
incident ion ene rgy is given by the relationship,

]’f,ﬁ <. (:Va, (]4)
of theionsstrike
the grid with the maximuim possible energy, given by
the accel grid potential V. This is appropriate for
testing in ground-based facilities where most of the
impingement ions originate outside of the potential
well surrounding the aceel grid, but is a conservative
assumption for space conditions where many of the
ions created inside the deceleration zone will not fall
through the entire potential,

With the equations discussed above, the comnplete
model of grid life can be represented in terins of the
geometry drivers dy,lce, Foaa, Av and ¢, the drivers
representing operating conditions (Jo/Jp), Jy, (37F),
and V,, the material propertics a, 6, ¢, d, %, pg, 1y
and my, and the drivers characterizing miodel uncer-
tainty A, and Ay.

where it has been assui ned that all

Calculations of A ccelerator Grid Laife

Four test cases were examined using the model pre-
sented above. The deterministic model of grid life
was uscdio calculate thetime to failure for thein-
put paramieter values listed in colunm 2 of Table ().
T} iese values correspond to the geometry, operating
conditions and material properties for the enidurarice

test describedin [5] inwhich a 30 cn two gridion
engine was operated until grid faillure uuder accel-
erated test conditions. The full probabilistic model
was used to assess the lifetime of the accel grid in
the 30 e ring-cusp thruster [13,14], which is cur-
rently baselined for useinthe NASA SEP (Solar
Electric Propulsion) Technology Applications Readi-
ness (N STAR) programn, a NASA-sponsored experi-
ment. 011 the Air Force Space ‘I'rack and Autonomous
Reposition (STA R) mission. The failure probability
was calculated for conventionalmolybderuin optics
al 4,65 kWe engine power (5 kWe power input o the
power processing unit) and at 2.3 kWe (2.5 kWe total
power), the design point for the NSTA R experiinent.
The 4.65 kWe condition was then reexamined assuin-
ing the use of carbon as the grid material. Grapliite,
carbon-carbon composites and diamond are now be-
ing considered as advanced grid materials because
of supcrior sputterresistance [15,16,17,18,19]. The
driver distributions used inthese analyses arc also
showri Table (). In this section a detailed descrip-
tion of the driver characterization will he followed by
a discussion of the calculated lifetie distributions
aud the analyses perforied to determine the driver
sensitivity.

Specification of Driver Distributions

The initial grid geometry is specified by the hole di-
atneter, center-to center spacing, open area fraction,
beam arca and grid thickness. These paramncters were
assighed the fixed values given in Table ().

The channel geometry at failure is deseribed by
the eroded area fraction and the shape factor. The
eroded arca fraction is fundamentally deterinined by
the ion trajectories, and examination of the grid used
inthe test-to-failure [b]suggests that the eroded arca
fraction doces not change significantly with time (i.e.
ion dose or geometry). Therefore the erosion pat-
terus observed in relative short duration tests can
be used to estiinate this parameter. The results of
eroded arcafractionmeasurcinents 011 anumber of
accel grids used inenduranice tests perforined with a
variety of propellants, operating conditions and ge-
ometries arc summmnarized in Fable (). Thie values
rauge from approximately 0.4 to 0.55. These data
and the currentunderstanding o f the phienomniena that
dictale the eroded arcafraction do not provide suf-



Cae 1 Casc2 Case 3 Case 4
Geometry
Ay (cm?) G58.7 658.7 (658.7 658.7
Foaa 242 242 242 242
d, (11112)) 1.14 114 114 114
l.. (1nm) 2.21 2.21 2.21 2.21
1 (imm) 0.360 0.508 0.508 0.508
a 0.50 Parametric (0.2, 0.6)
As 131 U(1.0, 1.5)
Operaling
Conditions
1’ower (kWe) v 4.65 2.3 4.65
Ja/Jb 0.013 Be(0, 0.003, (.73, 6.6)
(ry 071 U(0.4, 0.6)
Jy (A) 2.7 3.0 1.8 3.0
Va (V) 510 300 150 300
Material
Properties
Propellant/Grid - Kr/Mo  Xe/Mo  Xe/Mo Xe/C
15 (CV) 13 48 48 111
a 0.0414  0.0414 0.0414 4.257x 10-4
b 0.5655  0.56b0H  0.5655 |
¢ 3.2102  3.2102  3.2102 !
d -0.0431  -0.0431 -0.0431 0
Ay 1 1 1 1

Table 1: Driver values used intest cases,

ficient information to identify parameters 011 which
this driver depends or to specily a range applicable
to space operation. It was therefore treated para-
metrically in the probabilistic calculations, at values
ranging from 0.2 to 0.6. The minimum value observed

experimentally, 0.4, was used as thenominalvalue.

Detailed examnination of the test-to-failure grid [5]
confirms that the channels d o maintain an approx-
nmately parabolic shape (alt] ougl 1 with rou nded
edges) as thiey progressintothe grid. However, after
penetration of the grid occurs, undercutting by ions
reflected in the mterelectrode gap and further ero
sion of the walls results inan increase in the average
cross-sect 1onal area of thic channels. These eflects are
estimated to cause up to 50 percent more mass 10ss
than if the chianimels had a uniform parabolic cross-
scction. Therefore, A; was represented as a uniform
distributionover therange (1 .(),1 .5),

The engine opcrating paramcters that aflect accel

9

grid life are the beam current, accel grid voltage, the
ratio of impingement current to beamn current and the
flatness paraincter. The beam current and grid volt -
age were fixed at the values show nin Table (), since
there exists no significant variability or uncertainty
regarding their values. The probabilistic calculations
were performed for engine operation in space, and
theratio of impingement current to beam current was
chosen to reflect this. The impingement current mea-
suredin groundtests with noble gas propellants is not
applicable Lo conditions in space due to higher tank
pressurcs. Mercury data is expecled to be represen-
tative of thatfound with xenon in space because the
propellant utilization efliciency and charge exchange
cross sections arc siinilar for these propellants in opti-
mized engines and at operating conditions considered
in this analysis [13]. The impingement current frac-
tion was characterized on the basis of data from 30
et thrusters at low back pressures with mercury as



Ref. [5]

Ref. [1 3]

Ref. [ ? ]

Ref. [7]

Propellant/Grid Kr/Mo Xe/Mo g, Xe/Mo g, Xe/Mo
Tank Pressure (Pa) 3.4-4.1 x107 1.7 X10-3  1.9x10°3 (Xe) 8.6 x10-% (Hg)
Va (V) 510 331 510 (Xe) 308 (1lg)
Jy (A) 2.8 3.19 5.0 (Xe) 0 (g)
Ja(mA) 35 17.4 47 (Xe) 5 (Hg)
Test Duration (hrs) 633 900 567 (Xe) ~ 6200 (1g)
5300 (11g) ~ 200 (Xe¢)
dp, (3m) 1.14 1.14 1.52 1.14
l.. (111112) 2.21 2.21 2.21 2.21
w, (111111) 0.47 0.37 0.37 0.43
a 0.50 0.40 0.54 0.46

Table 2: Mcasured values of croded arca fraction.

the propellant. The impingement current. fractions
mecasured in [20] were specified by a Beta distribu-
tion ranging from a lower bound of zero to an upper
boundof ().3 percent.

Thie flatness parameter used in this model serves
primarily to account for macroscopic nonuniforinity
mmthe mass 10ss distribution across the grid. Ior the
test-to failure thetrue radial mass loss distribution
was determined by see tioning the grid into conceni-
tric rings and weighing t1em.  The measured mass
loss distribution can be represented by a flatness Pa-
rameler of about 0.71, which is broader tha n the ex-
pected beam current distribution (with a flatuess pa-
ramcter of about 0.5). A's discusscd above, this is
probably a facility cflect caused by the collection of
charge exchange ions produced far downstream. This
measurced value was used in the analysis of the test -
1 o-failure grid, but for the probabilistic analyses of
30 cm engine operation in space the impingement
current flatness paraincter was assumedto equal e
beam flatness parameter. This was represented by a
uniforin distribution over the range (().4, ().6), The
minimuim value was choscrias the lower It for ac-
ceptable engine perforimance and tile maxinwnvalue
represents a practical limit to the achievable bea
flatness.

The materials characterization involves speci fving
the atomic mass of the propellants and the atomic
mass and mass density of the grid inaterials, as well
as the threshiold energy, normal yield and yield fac-
tor Ay that give the sputtering characteristics of the
ion-target combinations. Tor xenon and krypton ious
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incident on molybdenum, (lie threshold energy val-
uesin ['21] wereused. No reliable threshold measure-
ments were found for xenoniucident on carbon, so the
threshold energy for this combination was estimated
fromthe sputtering yield data.

The norinal yield parameters a, b, ¢, and d in the
sputtering mod cl, 4. (13), were estimated using data
for krypton and xenon on molybdenum corrected for
sccondary clectron emission [7]. Yor carbon, there are
too few measurcinents available to estimate all four
paramncters and the threshold energy. However, the
data in [7,22] for xenononcarbon arc wellrepresented
by a linear model obtainied by setting b = ¢ = 1au d
d - () inkq. (13). Thesamples usedin [7] were of an
unspecified forin of carbon, while those in [22] were
pyrolytic graphite cut parallel to the net plane. Be-
causc the sputter yield for earl.)oll can vary depend-
ing on the type and crystallographic orientation o f
the material [23], these data may not be representa-
tive of all the proposed carbon grid materials. The
avail able yield data appcartobe free fromsysten -
alic biases duc to residual chamber gases, multiple
ion production, oblique jon incidence and backscat-
tering of sputtered atomns [24,25] andtlic data ex-
hibit little random variation, so the parameters were
given conservative fixed values that guaranteed pre-
dicted yields above the nieasured values inthe energy
range of interest. T'he sputtering yields are shown in
Fig. (7) and the estimated parameters tire given in
Table ().

There is very little information on the extent to
whichthe net sputtering yield can vary from the value
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Figure 7: Measured sputter yields and 11 odel fits.

at. normal incidence on smooth surfaces, alth ough
limited data suggest that it is decreased by surface
roughness [7]. The yield factor Ay was therefore con I-
scrvatively set equal to unity.

Results

The test described in [5] was terminated after 63 3
hours when a flake of sputter-deposited material
shorted the two electrodes. Post-test examination of
the accelerator grid showed that it was also very near
structural failure caused by pits and grooves formed
by spultering. Thie total mass loss caleulated from
the initial grid geometry and the mass measured af-
terthe test was 62 g. A total massloss at failure of
62 g is predicted by the model with the same assump-
tions for the initial grid geometry if a channel shape
factor of 1.31 is assumed. The calculatedtime to fail-
ure using the driver values in‘lable () 18 510 hours,
[f intrinsic variability in the norimal sputter yield is
small and the sputtering factor Ay is actually equal
Lo unity, the measured t ime to failure and t hat given
by the deterministic caleulation should be compara-
ble, because dl other drivers were micasured directly,
The discrepancy is indicative of 1model specificat ion
error, which most likely appears inthe value chosen
for Ay-. Thisimplics aslight lowering, of the net sput-
ter yield due to redeposition of sputicered atoms. A
true value of 0.8 for Ay is suflicient to explain the

1

discrepancy. If this interpretation is correct, the cr-
ror associated wilh Ay = 1 results in conservatisinin
the probabilistic calculations.

Figures (8), (9)and (10) show the calculated fail-
ure distributions for the 30 cinengine with molyb-
denum grids at 4.65 and 2.3 kWe and with carbon
rids al .65 kWe. Tl ie peak of the curves represents
{he BHO! life, and corresponds app roximately to the
value of life that would be predicted deterministically
using the nominaldriver values. The uncertainty cap-
tured by the stochastic drivers Jg/Jy, (J'P)y and A,
serves to decrease theaccel grid life considerably from
that calculated with the nominal values. Determin-
istic calculations using the nominal driver values can
therefore provide a false sense of security, because
they do not reveal theimpact of uncertainty in as-
sessing service life. The predicted life is adso strongly
dependent on the chosen value of the eroded area
fraction a.

At the 4.65 kWe operating point the 30 cn design
wilh olybdenu n grids has insuflicient life.  With
a value of 0.4forthe eroded area fraction a failure
probability of 50 percent. after only 4070 hours of
operation is calculated, and the B.1 life is less than
2100 hours. This nominal value for the eroded area
fraction was chosen because it is the lowest observed
i the ground-based texts suimmnarized in Table (),
but wec cannot say with any certainty that it will not
be lower inspace.

Recognizing the risk associated with operation at
4.65 kWe, the 2.3 kWe operating point was proposed
for the NSTAR experiment. As Fig. (9) shows, a com-
bination of lower heam current and lower aced grid
voltage at this derated condition results in afactor of
five increascin life compared to the 4,65 kWe point.
Withancroded area fraction of 0.4 the B50 life is
inexcess of 20,000 hoursandthe B.1life is 10,600
hours.

The impact of advanced grid materials is shown by
the life assessuient of carbon optics in Fig. (10). A
lower sputter yicld and higher atoin number density
result inan order of magnitudeincreasein life corn-
pared to molybdenmmn grids. Even at the demanding
4.65 kWe operating condition the B.1 life is nearly

TA }1-lifeisthe value of accu nmlat ed operating time to fail-
ure ata failure probability specificd as a pe rcent ; e.g., ). 1 is
the life ata probability of 0.0010r 0.1 percent and B50 is the
life at a probability of 0.5 or 50 percent.
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22,000 hours and the b0 percent failure probahility
occurs at 42,000 hours.

T'he parametric study of the eroded area fraction
shows that il is onc of the most iinportant. drivers in
determining accel grid life. A1 analysis of theserns-
sitivity to the othier stochastic drivers was also con-
ducted and is shown for operation with molyhdenum
grids at 2.3kWe i Fig. (1 1). Inthis analysis individ-
val drivers were allowedto vary while the other pa-
ramncters were held fixed at the nominal values and
the results compared with that in which all drivers
were allowed to vary. Thic results show which drivers
contribute the most to the reduction in life from the
fixed driver case. For the designs cousidered here, the
uncertainty in the iimpingement curreid contributes
the most to the failure risk, with flatness parameter
and channel shape factor playing slightly lesser roles.
Sensitivity analyses conductled for the other two cases
yielded similar results.

Inlig. (12) the life distributionwith variation of all
drivers is comparedto calculations inwhich the shape
factor A; was held fixed at thie nominal value and tile
upper and lower bounds of the specified distribution.
The curve generated by sampling from a uniforin dis-
tribution between the two extremes merges with the
curve fixed at the nominal value of 1.25 at the B5H0
point, as expecled. Forlower values of the failure
probability, however, the curves diverge and the [)rol)-
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abilistic calculation] moves towardlower lives.  The
left-hand tail of the failure probability distribution
is aflected by the more conservative portions of the
driver distributions.

App roaches to Managing Risk

The probabilistic accel gri d service life niodel
clearly demonstrates that the risk is driven by lack
of kunowledge, particularly with respeet to the eroded
area fraction ar, the sputtering factor Ay and the -
pingement current fraction J,/Jy. Subsequent activ-
ities will be directed toward acquiring more inforina-
tion onthese drivers as well as hmplementing design
nnprovements which reduce the sputter erosion and
deercase the required grid service life.

Information A cquisition

A number of experiments imvolving examination of
crosion patterns in thin copper filins deposited on a
molybdenum accel grid arc plannedat JP1, to dete -
mine now the croded area fraction varies with tank
pressure, beam current, accel grid volltage and pro
pellant species, Use of thin filins permits determina-
tion of the areas subject to the highest impingement
current. density in relatively short duration tests. 1
addition, ER C,1uc. will continue the development
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Pigure 12: Parametric study of channel shape factor
for 2.5 kWe operation with Mo grids (0 = ().4).

of plasma simulation codes to predict Zimpingement
1ont rajectories [3]. Theobjective of t hese eflorts is
to determine bounids 011 the value of athat canbe
incorporated in the probabilistic analysis.

A shmulation code is also being developed at J]°],
to track the trajectories of sputtered atoms and the
growth of the crosion grooves. This will provide infor-
mation on the eflect of redeposition on the net yield
that can be incorporated in the analysis as a proba-
bility distribut ion for the paramcter Ay . Refineinents
to the plasma sinmlation codes developed by FRC,
Inc.  and further experiments and analytical mod-
cling at Colorado State University [1] should provide
additionalinformation on the value of J,/J, inspace.

In the near future, relative sputter yield measure-
mients will he performed at J]'], onsamples of molyh-
denum, graplite, carbon-carbon sheets and diamond
filins to 1tmprove the materials model. Absolute sput-
ter yields may also be measured to supplement the
lilnited database foundin the literature,

Techmology development for the NSTAR program
will also yield additional driver inforination. I'or ex-
ample, further developiment of the 30 cin ring-cusp
thruster atthe NASA Lewis Research Center will
provide a better characterization of operating paramn-
elerssuch as the beam flatness. In addition, two 2000
hour tests andone 12,()()() hour endurance test arc
planned as part of NSTAR. The 2000 hour tests, to
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be conducted in two diflerent. facilities with diflerent
tank pressures, arc too snort to aflect failure risk es-
timates for long duration missions, but will provide
valuable inforination on the operating conditions and
crosion patterns and may reveal unauticipated failure
modes. The 12,000 hour test will yicld additional in -
formation on drivers and the success or failure of this
test can beused directly to improve the prior distri-
bution.

Design Inporoveinents

The 1 wodel demonstrates the tremendous poten-
tial of imiproved grid materials.  Development or
graphite [15], carbon-carbon [16,17,18] and diamond
grids [19] is continning. In addition, screen-accel-
negative decel (S AND) three-grid oplics arc heing
studiecd as onc app 102ch 1o reducing sputter cro
sion [?7,15]. In this optics configuration a third grid
located downstream witl a negat ive bias somewhat
less snmagnitude than that on the accel grid. This
electrode then collects most of the charge exchange
ions al. a low enough energy to avoid rapid sput ter-
ing, eflectively shiclding the accel grid. The aceel grid
voltage can also be lowered in this configuration, so
thattheions that do impinge onit causc less damage.
Use of segmented ion engines is another risk nan-
agement approach which exploits the throttling ye-
quirements of certain mission applications to reduce
the grid service life requirements [26,1.5]. In this ar-
chitecture, four ormoreion sources arc used with
a cominon neutralizer and power processing unit o
form a single engine. Throtiling is accomplished by
turning ofl segments, eflectively saving them for use
later when other seginents have reached their design
life. Depending on the mission throtthing require-
ments, this approach can result in a significant re-
ductionintherequired grid service life.

Conclusions

A probabilistic assessment of accel grid service life
incorporating uncertainty about the governing pa-
raimncters reveals that the service life at anaceeptable
failure risk is considerably shorter than determinis-
tic calculations suggest. Conventional 30 cin molyb-
demun grids have very limited life at the 4.65 kWe
operating point. Derating the engine to 2.3 kWe or
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using carbon grid materials yields a substantial in -
crease in service life. Using the probabilistic inodel
1o study driver sensitivities shows that uncertainties
about eroded arcafraction,net sputter yield andimn-
pingement current fractioninspace arc the major risk
drivers. I lorts to obt ain more informat ion about
these drivers have been initiated, as well as the de-
velopment of hmproved engine designs centering on
the use of carbon materials and changes in ion optics
and engine config uration.
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